The aim of this study was to evaluate the effects of potassium and sodium fertilization (control: 4.5kmol.ha -1 of KCl and 4.5kmol.ha-1 of NaCl), and water regimes (100% and 63% rainfall with artificial exclusion) on wood and briquette density in Eucalyptus grandis trees at 5 years, and the application of X-ray densitometry on the quality of briquettes. Tree trunk samples were obtained to determine wood density, production and briquette density by X-ray densitometry and stereometric. The artificial exclusion of rainwater promoted an increase in wood density, and the fertilization treatments versus water availability did not affect the density of briquettes. The method used to determine the briquette density influenced the average values, with an increase of 12% in the X-ray densitometry to the stereometric.
INTRODUCTION
The use of forest biomass stands out for its representativeness in the Brazilian forestry sector and for its growth perspective for being among the most sustainable in the world, totaling an area of 7.8 million hectares of planted trees, with 5.6 million hectares of species of the Eucalyptus genus (Indústria Brasileira de Árvores -IBÁ, 2015) . The use of densified materials such as briquettes can be highlighted among the possibilities of using this raw material for generating energy.
Densified materials are direct substitutes for firewood in various applications, including for residential use, and in industries and commercial establishments such as brick yards, ceramic manufacturers, pizzerias, bakeries, dairy farms, food factories, chemical industries, textile industries, and cement industries, among others (Dias et al., 2012) . Briquettes have higher characteristics compared to other biomass products such as firewood, mainly in relation to the mass and energy density (Arranz et al., 2015) . In Brazil, about 1.2 million tons of briquettes are produced per year, of which 930 thousand tons are made of wood (ABIB, 2012) .
On the other hand, a large part of eucalyptus plantations is inserted in less fertile areas, mainly lacking potassium (K) and subjected to periods of water deficit (Gonçalves et al., 2013) . Scientific studies have pointed out the effects of fertilizer application and water availability on growth, productivity and wood quality of different species of Eucalyptus (Subbarao et al., 2000; Benlloch-González et al., 2008; Sette et al., 2009 and . The changes in wood quality of trees indicated in the literature due to fertilization and water availability can influence the energy and physico-mechanical characteristics of the biomass and derived products such as briquettes.
The literature presents a great number of scientific studies indicating the effects of fertilizers application on the quality of E. grandis wood, indicating an increase (Sette et al., 2014) or reduction (Washusen et al., 2005) in the density.
Several studies have demonstrated the significant effects of water availability on wood density in forest species, such as Bouriaud et al. (2005) and Drew et al. (2009) that found a significant increase in the wood density of Eucalyptus species in response to a decrease in water availability. Wood density in trees is related to the edaphoclimatic and physiographic characteristics of the site; in areas of higher rainfall, there is a tendency for a greater exchange rate in the trees, with increased growth and formation of thin-walled fibers and larger diameter vessels, thus resulting in wood of lower density. Similarly, in lower rainfall areas or periods of the year, the trunk presents slower growth and forms wood with thicker wall fiber, as well as smaller diameter and vessels of greater density.
Although some studies have already pointed out the effect of fertilization on plants' acclimatization to drought, field studies on trees older than four years, which focus on the interaction of K and Na fertilization and the partial exclusion of rainfall, are scarce in tropical areas. Considering that biomass production for bioenergy and its quality can be influenced by fertilization and water availability, it is essential to understand the interaction of these factors and their influence on the quality of briquettes produced with eucalyptus wood. Sodium (Na) and potassium (K) are monovalent, structurally and chemically similar cations (Subbarao et al., 2003) that share some physiological functions (Battie-Laclau et al., 2014a, b) . Thus, Na assumes similar functions to K in plant metabolism (Almeida et al., 2010) . Studies as those by Gattward et al. (2012) , Sette et al. (2013) , Battie-Laclau et al. (2014a) and Freitas et al. (2015) found satisfactory results for trees that received Na, reporting the possibility of partially replacing potassium by sodium.
In this sense, the objective of this study was to evaluate the effects of K and Na fertilization and water availability on the density of eucalyptus wood and briquettes, and of applying X-ray densitometry to evaluate the quality of the briquettes. The experiment was divided into six treatments and three blocks, presenting a total of eighteen plots in split-plot. E. grandis seedlings were planted according to a 3x2m spacing, the plots were composed of 12 lines with 12 trees per line (144 trees). Three outer lines correspond to the border within each plot, resulting in an experimental unit of 36 central trees.
MATERIAL AND METHODS

Study site and experimental design
The treatments were defined by two water regimes (100% and 63% of rainfall, with artificial exclusion using 1700m 2 of polyethylene tarpaulins; the area covered by the tarpaulins represented 37% of the total area of the experiment) (Figure 1 ), and three doses of fertilizers (0: control, 4.5kmol.ha -1 of KCl and 4.5kmol.ha -1 of NaCl). The treatments were identified as follows: C/+A: control + 100% of rainfall; Na/+A: sodium + 100% of rainfall; K/+A: potassium + 100% of rainfall; C/-A: control + 63% of rainfall; Na/-A: sodium + 63% of rainfall; and K/-A: potassium + 63% of rainfall.
Preparation of the samples, wood density determination and production of briquettes
Nine (9) 5-year-old trees were selected from each fertilization versus water availability treatment, and 5cm thick wooden discs and 30cm long logs were removed at the DBH (1.30m) from each of them. The wooden discs were conditioned in an air-conditioning chamber until reaching 12% humidity and were used to determine the wood density by X-ray densitometry as proposed by Sette et al. (2010) .
The logs were cut into smaller portions, ground and milled using a Willey-mill to obtain sawdust. The sawdust was dried at 105 °C (± 2 °C) until reaching a constant weight, and then adjusted to 12% moisture content with the aid of a sprinkler and a semi-analytical balance as proposed by Silva et al (2015) . According to Quirino et al. (2012) , this moisture content is within the range considered ideal for manufacturing briquettes.
The briquettes were prepared in a laboratory briquetting machine at a temperature of 120 °C (+ or -5 °C), pressure of 140kgf.cm -2 , compaction time of 5 minutes and cooling for 10 minutes under forced ventilation. The biomass compaction conditions were defined experimentally through preliminary tests for pressing and cooling times. 40g of sawdust were used for each briquette, at the end obtaining a briquette of approximate 4cm in length and 3cm in diameter. Ten briquettes were produced per treatment, totaling 60 briquettes.
Density of the briquettes: stereometric and X-ray densitometry
The briquettes produced for each treatment were conditioned in an air-conditioned room until reaching 12% moisture content. The density was determined by the stereometric method, which consists in obtaining the volume of each briquette according to measurements (diameter and height) using a pachymeter, and the briquette mass using a precision scale of 0.001 grams.
A 3mm thick samples was subsequently extracted from the lower portion of each briquette (side facing the bottom of the briquetting machine's cylinder) (Figure 2) , as suggested by Quirino et al. (2012) . The region for samples removal was determined by a previous digital X-ray image evaluation, indicating a side which is completely free of internal cracks, making it possible to obtain the whole samples required for analysis by X-ray densitometry. The samples were also stored in an air-conditioned room, following the same standards used for the whole briquettes.
The samples were analyzed in QTRS-01X equipment to obtain the densitometric spectrum with the density profile. According to a procedure adapted from Quirino et al. (2012) , the samples were fixed to the equipment's metal support in the continuous scanning. For the qualitative analysis, digital radiographic images of whole briquettes and samples were obtained using a LX-60 Faxitron digital X-ray machine, followed by calibration and automatic reading in the range of 30Kv for a maximum time of 19 seconds.
Statistical analysis
The statistical analysis of the results was based on the experimental design with 6 treatments and 10 replicates. Outliers were determined according to the Box-Plot method, normality of data distribution was determined by the Shapiro-Wilk method, and variance heterogeneity by the Bartlett and Levene methods. The data presented normality of distribution and homogeneity of variance; the analysis of variance (ANOVA) was applied to determine the treatment effects on the wood and briquette density, and the determination method.
RESULTS AND DISCUSSION
The wood and the briquette densities values from the 5-year-old eucalyptus trees under the fertilization treatments versus water availability are presented in Table 1 . The average wood density with a 37% reduction in the levels (63% water availability) was 0.54g.cm -3 , which was statistically higher than the wood density of the trees submitted to 100% water availability with an average of 0.48 g.cm . Scientific studies reported in the literature verify the increase of the wood density in Eucalyptus species in regions subjected to water stress (Drew et al., 2009) . Trees affected by water stress reduce their growth rate by changing their exchange rate, in addition to reducing Mean followed by standard deviation. Mean followed by the same letter did not differ from one another at 95% probability by the Tukey test. Lowercase letters: comparison between treatments; and uppercase letters: comparison between +A and -A.
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Wood and Briquette Density Under Effect of... Floresta e Ambiente 2019; 26(1): e20160471 leaf area, increasing the biomass of the roots and altering the structure of the xylem in order to avoid cavitation (Carter & White, 2009 ). There is cell wall thickening mainly as a consequence of the reduced growth rate due to carbohydrate deposition, thus increasing the density (Panshin & Zeeuw, 1970) . No significant differences were observed in the mean values for the wood basic density in evaluating the isolated effect of applying K and Na for each water availability (+A and -A). In Eucalyptus trees of advanced ages (up to 30 years), the results of studies concerning the effect of mineral fertilizers on the wood properties are controversial, indicating increases and reductions in the wood density (Washusen et al., 2005) . The results of Sette et al. (2014) when studying young eucalyptus trees (1-4 years) may be highlighted because they did not find a significant effect of mineral fertilization on the wood density.
Briquette density produced with the wood from the experimental eucalyptus trees was not influenced by the fertilization treatments versus water availability, with mean values ranging from 1.15 to 1.22g.cm . The results of studies on the effect of mineral fertilizers and water availability on the density of densified materials such as briquettes and pellets are non-existent, restricting discussion of the data found in this study. However, the differences in the behavior of bulk density between wood and briquettes depending on the applied treatments is related to the briquetting conditions (pressure and temperature), which tend to have a more significant influence on the physical properties of densified materials (Carone et al., 2011) , thus making the mean values more homogeneous, regardless the applied fertilization and the reduced rainfall levels.
Density indicates the physical quality of densified solid biofuels (Temmerman et al., 2006) , reflecting the amount of accumulated energy (Quirino et al., 2004) and its variation to the biomass characteristics such as granulometry, moisture and lignin contents, and the compaction process such as the applied pressure (dimension and time) and temperature (Dick et al., 2007; Mahapatra et al., 2010) , which can be controlled to enhance the production efficiency and improve the quality of the final product (Carone et al., 2011) .
Mean density values for all fertilization treatments versus water availability are in agreement with those presented in the literature for eucalyptus briquettes (Protásio et al., 2011; Gonçalves et al., 2013 ) and higher than the wood bulk density. This increase in density after compaction demonstrates the importance of biomass densification processes for the best use of lignocellulosic materials for producing bioenergy, since the increase in the briquette density represents a decrease in the biomass volume, leading to greater mass concentration in the same space (Silva et al., 2015) .
The briquette density values by X-ray densitometry and the stereometric method for each treatment of fertilization versus water availability are presented in Table 2 . Significant effects were observed on the mean density of E. grandis briquettes by X-ray densitometry under the isolated effect of nutrition in a natural water regime in the control treatment (100% of rainfall): for the K/+A treatment, with higher values than for the C/+A treatment.
The method used for determining the briquette density had a significant influence (α = 0.05) on the mean values, reaching 1.04g.cm -3 for X-ray densitometry and 1.18g.cm -3 for the stereometric method, with increases of 12% (Table 2) , as also observed by Quirino et al. (2012) . This difference observed between the methods may be associated with the variation amplitude of the density due to the heterogeneity in the briquette's granulometric composition (Figure 3) , as detected by the accuracy of the X-ray densitometry method, with readings at intervals of 80µm.
X-ray densitometry has been applied for determining density and its variation in the X-rays by numerous authors (Sette et al., 2016) to analyze the wood from different species of eucalyptus trees at different ages and locations; however, without being used in densified materials. When applied in the quality analysis of briquettes, it can help to define how briquetting factors (temperature, pressure, pressing time, and granulometry) will be administered in producing briquettes for which improved characteristics are sought (Quirino et al., 2012) .
The X-ray densitometry profiles of the briquettes show a non-homogeneous distribution for a common variation model for all applied fertilization treatments versus water availability (Figure 4) , characterized by values ranging from 0.94-1.03 g.cm -3 in the peripheral regions, and of 0.99-1.13 g.cm -3 in the central region, with some density fluctuations mainly due to variations in particle size, as already discussed and presented in Figure 3 . Furthermore, the difficulty in obtaining samples with perfectly flat and homogeneous surfaces (Quirino et al., 2012) influences the result due to the sensitivity of the measurement methodology.
A qualitative evaluation of the briquettes' internal structure performed on the digital X-ray equipment evidences cracks present for all fertilization treatments versus water availability ( Figure 5 ). The presence of cracks is already recognized in other biomass compaction processes such as pelleting and is attributed to inadequate moisture level or inadequate 
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Wood and Briquette Density Under Effect of... Floresta e Ambiente 2019; 26(1): e20160471 particle size (Arágon-Garita et al., 2016), or to the temperature variation and internal pressure in the briquette during compaction (Quirino et al., 2012) . Cracks may negatively interfere in the briquette quality, influencing their physical properties which can affect strength and durability.
An evaluation of other physico-mechanical properties of the briquettes produced with biomass from eucalyptus trees submitted to different growth conditions (fertilization and water availability) is recommended.
CONCLUSIONS
The 37% reduction in precipitation levels promoted an increase in the mean wood density of E. grandis, while applying fertilizers with potassium and sodium had no effect on the wood density.
The mean of briquettes density produced with E. grandis wood did not undergo an effect from fertilization treatments versus water availability.
The method used to determine the briquette density significantly influenced the mean values, with increases of 12% for the X-ray densitometry compared to the stereometric method, with internal cracks observed in the briquettes. 
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